Although the submerged aerobic cultivation of microorganisms has become an established feature of the present-day fermentation industry, equipment design and operation have been based largely uponi empirical studies. Attention has been directed to the problem of supplying sufficient oxygen to microbial cultures and to methods for defining aeration efficiency in fermentors (reviewed by Finn, 1954) . The sulfite oxidation method for determining oxygen solution rates in a fermentor has been used to test the efficiency of equipment design (Chain and Gualandi, 1954; Roxburgh et al., 1954; Bowers, 1955) as a parameter for increase in scale (Cooper et al., 1944; Karow et al., 1953) or as a measure of the actual amount of oxygen transferred to a microbial culture (Maxon anid Johnson, 1953; Pirt, 1957) .
In certain cases, measurements of oxygen solution rate determined by the sulfite method have agreed with those obtained by the polarographic technique (Bartholomew et al., 1950; Chain and Gualandi, -1954) whereas in others (Wise, 1950) , a large disparity has been noted between the results obtained by the two methods. Because of the lack of agreement between the results of different investigators, the present work was undertaken to compare the sulfite and polarographic techniques. Oxygen absorption-coefficients were measured over a fairly wide range of agitator speeds and air flow rates and correlations between absorption coefficients and operating variables were determined.
The results indicate the limitations of the sulfite oxidation technique as applied to fermentations.
MATERIALS AND METHODS
Theoretical. The theory of oxygen absorption in a fermentor liquid has been adequately discussed by Bartholomew et al. (1950) , Wise (1951) , Finni (1954) , and Elsworth et al. (1957) .
Fermentor and accessories. Fermentor design was of the conventional type (Finn, 1954) figure 1 . Satisfactory operation of the electrode system was found to be related to the tip velocity of the cathode (see later); rotation at 1500 rpm, using a synchronous speed motor4 (150 hp), was adopted in the final experiments. The silver/silver chloride anodes were made from discs of silver foil (assay grade) 0.25 in diameter which were silver soldered to silver wire. This was then chloridized in 0.1 N hydrochloric acid by passing a current of 2 ma for 30 min. The electrode was removed from the bath, and rubbed with fine emery paper and then chloridized for a further 30 min. During this time the silver became a purplish-brown color. The assembly of this electrode is shown in figure 1 . Under actual conditions of operation, the electrodes entered the fermentor liquid from the upper surface and were inserted to a depth of about 2 in. The peak of the oxygen wave was found to be at -0.75 and at -0.90 v using standard calomel and silver/silver chloride reference electrodes, respectively, as reported previously by Chain and Gualandi (1954) .
Oxygen absorption coefficients were determined by the gassing-out method of Bartholomew et al. (1950) and Wise (1951) , the polarograph having been calibrated with salt solutions containing a known oxygen concentration (Hixson and Gaden, 1950) . Briefly, the salt solution in the fermentor (0.5 M KCl) was gassed-out with oxygen-free nitrogen and the residual current reading noted; then the agitation and aeration were started at constant levels and galvanometer readings were taken every 5 sec until saturation was reached. The results of duplicate determinations were almost identical when the experiments were conducted within a short period of time (see remarks on variability given later).
To check the operation of the electrode system, the rate of oxygen uptake by a yeast suspension (wet brewers' yeast, 300 g; Na2HPO4, 4.75 g; KH2PO4, 18.22 g; glucose, 25 g; KCl, 37 g; final volume 2.5 L; pH 6.2; olive oil added as required to combat foaming), in the fermentor was compared with that in a Warburg apparatus. Using the fermentor, the values of KLa, C and CL were determined for the relationship.
azide. From these data the value of Qo2 was calculated. The Warburg experiments were conducted by the method of Umbreit et al. (1949) with undiluted yeast suspension (3 ml) removed from the fermentor. Other experiments with yeast showed that the oxygen supply rate to the Warburg vessels was not limited by inadequate shaking.
Scope of the work. With the sulfite system, oxygen solution rates were measured over a range of air flow rates from 0.5 to 4.5 L per min and agitator speeds from 385 to 1150 rpm. Because of differences in the results obtained by the two methods, the polarographic work was extended to cover a slightly wider range of these variables. RESULTS Sulfite experiments. Oxygen absorption-coefficients obtained for all conditions of agitation and aeration efficients increased with increase in air flow rate up to the point at which the impeller became "loaded," that is, the rotational speed of the impeller was insufficient to completely disperse the air supplied. At the loading point a change was observed visually in the character of the air dispersion. In addition to small bubbles circulating with the bulk flow-pattern, a complement of large bubbles was produced and these escaped around the impeller and passed through the liquid at a relatively high velocity. This effect was more pronounced as the air flow rate was further increased beyond the loading point. At the lowest agitator speed (385 rpm) tested, the magnitude of increase of absorption rate over the range of air flow tested was slight, thus indicating that loading occurred under all conditions of operation. This was also substantiated by visual observations of bubble dispersion. When absorption coefficients were plotted against air flow rate (G), on logarithmic scales, a linear relationship was noted below the loading point for each impeller speed (figure 2). However, the value of the exponent on G was greater with higher agitator speeds. The correlation between absorption coefficient and agitator speed (N) chaniged slightly as the air flow rate was varied (figure 3) but averaged about 3.0.
Polarographic Experiments
Performance of the electrode systems. The performance of the electrode systems was found to be affected by the turbulence of the liquid in the fermentor (table 2) . When the tip velocity of the cathode was increased from 1.5 to 9.1 feet per second, the magnitude of the stirring effect brought about by turbulence of the fermentor liquid was decreased considerably. Further, the silver/silver chloride reference electrode appeared to be more stable than the calomel electrode. Consequently, all subsequent experiments were made with the "radial" platinum cathode (tip velocity 9.1 feet per second) and silver/silver chloride reference electrode.
Variability of absorption coefficients. It was observed that the maximum galvanometer deflection, corresponding to an oxygen-saturated solution, tended to decrease over a period of hr. This did not seem to affect the calculated values of the absorption coefficients determined under similar conditions of agitation and aeration, the largest difference being about 2 per cent. Correlation of absorption coefficients with operating variables. The data obtained in this part of the work covered air flow rates from 0.5 to 5.5 L per min and agitator speeds from 500 to 1500 rpm. The results are given in the form of appropriate plots. Figure 4 shows the correlation of absorption coefficient with gas flow rate; between 600 and 1500 rpm the data follow the relationship, KLa = K G053. A logarithmic plot of absorption coefficient against agitator speed with air flow! rate as parameter (figure 5) followed the relationship KLa = K N'°for agitator speeds above about 800 rpm. Below 800 rpm the exponent on N varied with air flow rate from 4.7 at 0.5 L per min to 8.1 at 5.5 L per miii. The marked change in the correlation at agitator speed 800 rpm shown in figure 5 probably reflects the change from laminar to turbulent flow in the fermentor liquid.
DISCUSSION
For the sulfite system, the correlations between oxygen absorption coefficients and operating variables (KLa = K G0 40-0.70 and KLa = K N3 0) agree reasonably wA-ell wvith those reported by previous investigators. Further, the correlation between absorption coefficient and air flow rate in the polarographic system is in general agreement writh that found by the sulfite method. However, the correlation, KLa = K N' 0, obtained polarographically, does not seem to have been.reported previously. The different values obtained for the exponent on N in the two systems probably reflects differences in the oxygen transfer mechanism.
It is noteworthy that the sulfite technique may give a false impression of equipment performance, a fact which has been noted previously by Wise (1950) , Schultz and Gaden (1956) , and Carpani and Roxburgh (1958) . In the present work, the results obtained by the two methods agreed reasonably well at 800 rpm AIR RATE,L,M4IIN YI-lO " AGITATION-AERATION IN SUBMERGED FERAIENTATION. at air flow rates between 0.5 and 3.5 L per min (figure 6) whereas agreement outside this narrow range of operating conditions was rather poor.
From a comparison of the results (compare figures 2 and 4 and figures 3 and 5, also arithmetic plots in figures 6 and 7), it may be noted that the polarographic coefficients exceeded the sulfite values under conditions of equipment operation where the impeller speed was insufficient to disperse completely all the air supplied, that is, "loading conditions." Under these conditions, bubbles escaped around the impeller, their velocity relative to an element of fluid was high (as indicated by "boiling" at the liquid surface), and flow around these bubbles was probably turbulent. Examples of these operating conditions are as follows: in figure 6 , at 600 rpm at all gas flow rates; at 800 rpm at air flow rates above 3 L per min; in figure 7, below about 800 rpm at air flow 1.0 L per min and below about 850 rpm at air flow 4.5 L per min. Since visual observations indicated no marked differences in bubble dispersion between the two systems, it seemed that the explanation for this difference in results was related to the oxygen absorption mechanism.
It is noteworthy in this regard that an increase in bubble velocity relative to an element of fluid (that is, a change in flow conditions around bubbles, either from laminar to turbulent flow or increase in the degree of turbulence) in the two systems may influence the liquid-film oxygen-transfer coefficient (KL) in a different manner in each case. Coppock and Mleiklejohn (1951) reported that an increase in bubble velocity in water resulted in a corresponding increase in K, presumably because of the increase in turbulence adjacent to the liquid film and a consequent reduction in the liquid-film resistance (thickniess). In contrast, the results of Schultz and Gaden (1956) showed that 1000[ KL for sulfite solution decreased with increase in interfacial turbulence, presumably because of a reduction in the "time average" oxygen concentration and its effect on the oxidation of S03= to S04=. Accordingly, it would appear that the loading air flow rate in the sulfite system (see figure 6 ) is a function of the chemistry of the reaction rather than of equipment performance. Similarly, the higher sulfite coefficients obtained at agitator speeds above 800 rpm (figure 6) may also be indicative of changes in boundary or film conditionis. As the agitator speed is increased beyond 800 rpm (figure 5) turbulent flow is produced in the liqjuid bulk, a greater bubble area is incorporated within the bulk flow-pattern and these bubbles tend to follow the path of fluid flow. Consequently, there is less bubble area with motion relative to an element of fluid. Under these conditions the increase in absorption coefficient in the sulfite system measures the increase in surface area plus any increase in apparent KL brought about by the increased stirring rate and the corresponding increase in the "time average" oxygen concentration. The increase in absorption coefficient in the polarographic system measures the increase in transfer area minus the effect brought about by the faster stirring speed and the corresponding increase in liquid-film resistance. Hence with increase in agitator speed the sulfite coefficients increase at a faster rate than the polarographic values (figure 7). It should be noted, however, that this explanation may in fact be an oversimplification because the transfer area was not measured in the two systems.
Differences between oxygen absorption by sulfite solution and by oxygen-free water have been noted by other workers considering temperature effects. For example, Schultz and Gaden (1956) Bartholomew et al. (1950) reported that oxygen absorption into water was controlled by diffusioni through a liquid film.
The present results indicate that absorption coefficients obtained by the sulfite method should not be used as a measure of the actual amount of oxygen transferred to a microbial culture. Nevertheless, they are useful for assessing improvements in equipment design as long as the impeller speed is sufficient to disperse the air supplied. For the equipment used in the present work the highest air flow rate which could be used at any particular agitator speed was expressed by the relationship G = K N0O83 where G was the air flow rate at which the loaded condition occurred (results not given in the text).
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SUMMAIRY
Mleasurements were made of oxygen absorption rates by catalyzed (Cu++) sodium sulfite solution and by potassium chloride solution (polarographic method) using a fermentor of conventional design. Correlations obtained between oxygen absorption-coefficients (KLa, hr-1) and operating variables were as follows: for the sulfite system, KLa = K G0 40-0.70 and KLa = K N2 5-3 2 where G and N are air flow rate and agitator speed, respectively; for the polarographic system, KLa = G K0 53 and KLa = K N'°. Absorption coefficients obtained by the two methods were essentially similar only over a very narrow range of operating conditions, namely, at agitator speed of 800 rpm with air flow rates between 0.5 and 3.5 L per min. At low agitator speeds (below 800 rpm) the sulfite coefficients were lower than the polarographic values at all air flow rates tested whereas at high agitator speeds (above 800 rpm) the sulfite coefficients were higher than the polarographic values. At constant agitator speed (for example 600 rpm) the "loading" air flow rate was lower for the sulfite system (2.0 L per min) than for the polarographic system (4.5 L per min). The discrepancies between the results obtained by the two methods are explained in the terms of the differences in oxygen absorption mechanism in the two systems.
